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. This process generates a remarkable number of mature sperm -200 million per day in the human male -and requires an intimate association of germinal cells and somatic Sertoli cells within the seminiferous tubules of the testis. The production of sperm is dependent on the presence of spermatogonial stem cells that reside in the basal compartment of the seminiferous tubules, and which represent a very small proportion of the cells in the testis. Spermatogonial stem cells are capable of both self-renewal and producing cells that commit to spermatogenesis. Germ cells that enter spermatogenesis are supported by Sertoli cells. These germ cells progress apically towards the lumen of the tubule, differentiate into mature sperm and are eventually released into the lumen. Thus, stem cells are essential for the production of gametes and, ultimately, species continuation. Individuals can be sterile owing to a lack of stem cells, the blockage of germ cell development or the production of nonfunctional sperm. A novel transplantation technique has afforded scientists the opportunity to investigate fundamental aspects of spermatogenesis and offer hope for some infertility patients 2 .
The technique of testicular germ cell transplantation, pioneered in the laboratory of Ralph Brinster (University of Pennsylvania, Philadelphia, PA, USA), involves the introduction of a mixed population of germ cells from a donor testis into the lumens of the seminiferous tubules of a recipient mouse 2, 3 . Brinster and colleagues reported that not only do stem cells colonize the recipient testis, but they also initiate spermatogenesis and produce sperm capable of fertilization 4 . In addition, when germ cells from a rat were introduced into an immunologicallydeficient mouse, rat sperm were produced within the mouse testis 5 . These results generated a great deal of interest from reproductive scientists and stimulated research in multiple areas. Experimental approaches utilizing germ cell transplantation have contributed to research in stem cell and male germ cell biology 6, 7 , the identification of cell types contributing to infertility within specific mutants 8, 9 , and research of cellular interactions in the testis 10, 11 . In addition, germ cell transplantation could potentially be used to treat male infertility, preserve the germ line of valuable or endangered animals and replace the germ line of patients whose endogenous stem cells have been eliminated by chemotherapy.
Germ cell transplantation and colonization
It is generally believed that donor-derived spermatogenesis in a transplanted testis originates from spermatogonial stem cells. A mixed population of germ cells, which includes a small number of spermatogonial stem cells, can be injected into the testis by several methods
3
. The most widely used method involves inserting a needle through the efferent ductules outside of the testis and passing the needle into the rete testis, a bundle of tubules that connects the seminiferous tubules to the epididymis. The injected cell mixture contains trypan blue so that filling of the seminiferous tubules can be monitored (Fig. 1) Nagano and co-workers 13 elegantly described the pattern and kinetics of donor-derived spermatogonial stem cell colonization in transplanted testes. These researchers described the colonization in three continuous phases. First, transplanted cells were randomly distributed throughout the seminiferous tubules during the first week after transplantation. By this time, a small number of transplanted stem cells have migrated to the basement membrane of the seminiferous tubules. This finding is remarkable and surprising for the following reasons. Sertoli cells within the seminiferous tubules form tight junctions with adjacent Sertoli cells 14 . These junctions constitute the major component of the blood-testis barrier, and this barrier creates an immunoprivileged environment within the seminiferous tubules. When spermatogonia enter meiosis and become spermatocytes, the tight junctions are broken down and reformed to allow spermatocytes to translocate apically, complete meiosis and differentiate into spermatids in the immunoprivileged adluminal portion of the seminiferous tubules 1 . Consequently, when germ cells are introduced into recipient seminiferous tubules during the germ cell transplantation procedure, spermatogonial stem cells translocate in a basal direction through the tight junctions, towards the basement membrane of the seminiferous tubule. This surprising result means that Sertoli cells recognize stem cells and direct germ cell translocation in a retrograde manner.
The second phase of spermatogonial transplantation described by Nagano et al. 13 occurred one week to one month after transplantation. During this phase, stem cells and primitive spermatogonia proliferated longitudinally in the seminiferous tubule, forming a network or chain of donor cells. The differentiation of donor cells occurred during the third phase, which began one month after transplantation. Donor cells established a colony of spermatogonia and continued to expand laterally along the tubules. Spermatozoon production began two months after transplantation. Colony expansion continued throughout the study, and the number of colonized sites did not change between one and four months after transplantation 1, 13 . The length of donor-derived colonies increased during the third phase, and, after three months,~30% of the testis contained donorderived spermatogonia 15 . It is important for this discussion to note the relative inefficiency of this process. Nagano et al. 13 reported that, typically, 19 donor-derived colonies are produced when 10 6 cells are introduced into a testis. Most cells remained in the intraluminal compartment and were phagocytosed by Sertoli cells 15 . Therefore, approximately 20 stem cells survived isolation, colonized the recipient testis and initiated spermatogenesis.
Application of germ cell transplantation
Several approaches have been used to improve the efficiency of colonization of recipient testes after germ cell transplantation. The first study used the gonadotropin-releasing hormone (GnRH) agonist, leuprolide, to enhance colonization after transplantation 16 . Mice injected with leuprolide had markedly enhanced donor cell colonization, both in the efficiency of colonization and in the lateral expansion of donor-derived colonies. Leuprolide might have acted directly on germ cells or reduced the concentration of luteinizing hormone (LH) or testosterone. However, no GnRH receptors have been found on germ cells or cells associated with the seminiferous tubules. Therefore, it is unlikely that leuprolide had a direct effect on spermatogonial colony formation and proliferation. The authors note that the suppression of testosterone by GnRH agonists or by the negative feedback initiated by exogenous testosterone might stimulate spermatogenesis after irradiation damage, and that high levels of testosterone appear to inhibit spermatogenesis 17 . These data suggest that leuprolide might have made conditions in the testis more permissive of spermatogenesis after transplantation by reducing the intratesticular testosterone concentration. Thus, the mode of action of leuprolide is probably indirect, and a study to investigate the effect of testosterone antagonists on germ cell transplantation seems warranted. Lastly, it is important to note that the observed effects in rodents might not be applicable to humans.
An important advancement in the process of germ cell transplantation was the regeneration of spermatogenesis from cryopreserved cells. Avarbock et al. 7 demonstrated that cryopreserved testicular cells, from both prepubertal and adult mice, established spermatogenesis after transplantation. These cells were frozen for between four and 156 days with the use of techniques similar to those generally used for somatic cell cryopreservation. The application of this technique is potentially important because: (1) cryopreservation of spermatogonial stem cells from valuable or endangered animals would allow regeneration of the germ line at any time in the appropriate host; and (2) in a clinical setting, an individual undergoing chemotherapy or radiation treatment, which often produces prolonged and sometimes irreversible depression of sperm counts in humans, could have a testicular biopsy cryopreserved before treatment and transplanted at a later date to regenerate spermatogenesis.
The development of germ cell transplantation has provided a functional system to evaluate the success of the long-term culture of germ cells. 19 . This is a remarkable finding considering it was generally believed that germ cells do not survive in culture for more than a few weeks 20 . Spermatogonial stem cells have been successfully transfected with the use of a retroviral vector. Nagano et al. 21 used several approaches to expose stem cells to the retroviral particles. Germ cells from the testes of neonatal animals, and from cryptorchid testes of adult animals, were used. Adult mice were made cryptorchid by securing the testes within the body cavity. At normal body temperature, differentiating germ cells die, whereas somatic and stem cells of the testis are unaffected. Thus, cryptorchid testes represent an enriched source of spermatogonial stem cells because of the higher proportion of these cells that they contain compared with wild-type controls. Germ cells isolated from neonatal and cryptorchid testes were incubated with: (1) retroviral-producing cells alone; (2) an STO feeder layer and retroviral producing cells; and (3) an STO feeder layer with periodic exposure to retroviral particles. After incubation, cultured cells were injected into recipient animals. All methods of culture and infection generated stably transfected stem cells that colonized recipient testes, with the periodic infection system producing the highest level of infection 21 . Donor-derived spermatogenesis was permanent and produced sperm positive for the transfected gene -the gene encoding ␤-galactosidase. In addition, co-injection of retroviral particles and fresh germ cells into recipient testes also resulted in incorporation of the reporter gene. These results demonstrate that spermatogonial stem cells are dividing in culture and that genes can be introduced directly into the male germ line 21 . This remarkable result has multiple applications, including somatic cell therapy, the introduction of genes into multiple animal species and the genetic manipulation of stem cells to answer basic questions about spermatogenesis. 
Germ cell transplantation and testicular stem cells
Despite the importance of spermatogonial stem cells for continuous sperm production, there is a paucity of information regarding these cells. It is generally accepted that it is the spermatogonial stem cells that colonize the recipient testis and initiate donor-derived spermatogenesis after germ cell transplantation. The age of animals used as germ cell donors for transplantation has varied. Donor-derived testicular colonization and spermatogenesis have been reported after the injection of germ cells from animals at day 4 through to the adult. However, the sophistication of the retrieval and identification of cells selected for injection has increased dramatically. These techniques will probably lead to accurate methods of identifying testicular stem cells. The development of the germ cell transplantation technique has established a functional assay for testicular stem cells. This allows conclusive verification of the presence and quantification of stem cells within a sample. The research involving germ cell transplantation to identify testicular stem cells is described in this section.
It has been estimated that of the 10 8 cells in a testis, 2 × 10 4 are stem cells; in other words, a testis contains two stem cells per 10 4 cells 18 . As mentioned earlier, 10 6 donor cells are injected into a testis; therefore,~200 stem cells are injected into the recipient testis. A process to select these cells, thereby enriching the proportion of stem cells injected, would help to improve colonization efficiency. Shinohara et al. 6 hypothesized that testicular stem cells might be associated with components of the basement membrane. They selected testicular cells based on the ability of the cells to adhere to molecules that make up the extracellular matrix. Spermatogonial stem cells preferentially adhered to laminin but not to collagen IV or fibronectin, based on the ability of these cells to colonize recipient testes. In addition, by exploiting the abilities of ␤ 1 -integrin to adhere to laminin and of ␣ 6 -integrin to form dimers with ␤ 1 -integrin, testicular cells were isolated with magnetic beads and anti-␤ 1 -and anti-␣ 6 -integrin antibodies. The colonization of recipient testes by cells selected with the aid of anti-␤ 1 -and anti-␣ 6 -integrin antibodies was significantly enhanced compared with controls. By contrast, cells selected with an anti-c-kit antibody failed to improve recipient colonization 6 . Multiple selection techniques have been utilized for hematopoietic stem cell purification 22 . Shinohara et al. hypothesized that a multiparameter approach could similarly be used to enrich for testicular stem cells 23 . The significant increase of colonization by testicular cells that had been selected by their ability to bind laminin was considered as the first step in this process 6 . Second, the colonizing ability following transplantation of a source of testicular cells enriched for stem cells was investigated 23 . The previously described Kitl Sl mutant contains stem cells but, owing to the lack of Steel ligand, these cells do not proliferate and produce mature sperm. Thus, in this mutant, the stem cells constitute a higher proportion of the total cell number than they do in wild-type mice. Likewise, the cryptorchid model provides another source of germ cells in which stem cells represent a higher proportion of the total cells when compared with a wild-type adult. Using germ cell transplantation as a functional assay for the presence of spermatogonial stem cells, cells recovered from cryptorchid tesis were enriched for stem cells 25-and 50-fold based on the number of colonies and on the area the seminiferous tubule colonized, respectively 23 .
Surprisingly, cells from the Kitl
Sl mutant increased the number of colonies and area colonization to a much lower extent than did cryptorchid cells. Further enrichment of stem cells was attempted by incubating cells from cryptorchid testes with laminin. Laminin selection failed to increase stem cell enrichment when compared with the unselected cryptorchid control These reports represent significant advances in the characterization of testicular stem cells. Thus, the spermatogonial transplantation technique has proved valuable in the investigation of the molecular characteristics of spermatogonial stem cells.
Xenogeneic germ cell transplantation
One of the most remarkable aspects of this research is the ability of the testis of one species to support spermatogenesis of germ cells from another species. Xenogeneic (cross-species) germ cell transplantation provides an opportunity to investigate fundamental aspects of spermatogenesis. Clouthier et al. 5 reported that rat testis cells will colonize and complete spermatogenesis when transplanted into immunocompromised mouse testes. Sperm with the characteristic head shape of rat sperm were found in the epididymides of recipient mice. Likewise, this approach allowed Franca et al. 25 to determine whether the timing of spermatogenesis was controlled by the germ cell or Sertoli cell in xenogeneic transplants. It takes~35 days for a spermatogonium to complete spermatogenesis in the mouse, whereas this process takes 52-53 days in the rat 1 . 25 demonstrated that rat germ cells developed at their characteristic rate of 52-53 days in the mouse. In the same testis, mouse sperm developed at their characteristic rate of 35 days. Therefore, germ cells control the rate of spermatogenesis and a testis can maintain spermatogenesis at two different rates simultaneously.
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Additional xenogeneic germ cell transplants have demonstrated some of the limitations of this procedure. Hamster germ cells injected into immunocompromised mouse testes will colonize and hamster spermatogenesis develops 26 . However, it was clear that both qualitative and quantitative hamster spermatogenesis in mouse testes was inferior to spermatogenesis seen in mouse-to-mouse and rat-tomouse transplants. Abnormally developing germ cells were observed in the seminiferous tubules, and hamster sperm present in the epididymis lacked acrosomes, heads and tails 26 . Transplantation of rabbit and dog testicular cells into immunocompromised mouse testes has also been demonstrated 27 . In these experiments, the injected spermatogonial stem cells translocated to the basal compartment of the seminiferous tubules and, in the case of the rabbit cells, divided and formed chains of cells. When dog cells were transplanted, donorderived cells were present in pairs and short chains, but colonization was less extensive than that following transplantation of rabbit cells. However, cells from either species did not progress into later stages of spermatogenesis and no mature sperm were observed 27 . From these results, it was hypothesized that the success of donor-derived colonization was correlated to the degree of evolutionary relatedness of the species.
Germ cell transplantation has also been performed in bull, monkey and human testes 28 . Ultrasoundguided intratesticular rete testis injections were performed on surgically removed bull, monkey and human testes. All procedures involved the injection of cells from the same species into the recipient testis. Injected cells were observed mainly in the rete testis and some seminiferous tubule filling was reported. Two cynomolgus monkeys were treated with a GnRH antagonist before in vivo germ cell injection. One animal was injected with testicular cells labeled with bromodeoxyuridine (BrdU). Labeled cells were identified four weeks after transplantation in the testicular interstitium and in some seminiferous tubules of the recipient. The tubule cells were identified as B-spermatogonia and appeared as single cells and small clusters of cells 28 . This was the first report of injection into human and primate testes, and described a novel ultrasound-guided method for the direct injection of the rete.
Xenogeneic transplantation of human spermatogonia into mice has been reported 29 . Spermatogonia from azoospermic men undergoing infertility treatment were injected into Kit W/Wv and severe combined immunodeficient (SCID) mice. Successful injection of cells into the seminiferous tubules was reported. However, at 150 days after injection no donor germ cells were found in the mouse testes. The authors speculate that the donor cells did not implant and colonize the mouse testes because of non-compatible cellular interactions and immunological rejection resulting from interspecies differences 29 .
Infertility and knockout studies
Recently, several reports have demonstrated the utility of germ cell transplantation for the investigation of cases of infertility occurring as a result of a natural mutation or targeted gene deletion 8, 9 . It is relatively common that gene knockout experiments lead to male infertility. Stem cells might not be present, germ cell development might be blocked at any of several stages, or functional sperm might not be produced. In most cases, the identity of the testicular cell type(s) where the disrupted gene is phenotypically important is not readily apparent. Another naturally occurring mutation in mice that affects spermatogenesis is the juvenile spermatogonial depletion ( jsd) mutation 30 . This mutation results in mice undergoing a single wave of spermatogenesis, followed by a failure of type A spermatogonial stem cells to repopulate the testis. When germ cells from jsd animals were injected into W/W V or busulfan-treated recipients, no donorderived spermatogenesis was observed. By contrast, the injection of non-jsd germ cells into jsd recipients demonstrated that jsd animals can support donorderived spermatogenesis for up to seven months 30 . Thus, these data indicate that the jsd phenotype results from a defect in the germ cells, and not in the somatic cells, of the testis.
The first report of germ cell transplantation correcting infertility in a knockout was accomplished in animals in which estrogen receptor ␣ (ER␣) had been deleted 9 . Male ER deficient (␣ERKO) mice are infertile; however, when germ cells from ␣ERKO mice were transplanted into wild-type males, qualitatively normal donor-derived spermatogenesis developed and functional sperm were produced that carried a normal copy of the gene encoding ␣ERKO. Thus, these results demonstrated that a gene knockout that disrupts spermatogenesis has no deleterious effects on germ cells.
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Conclusions
Germ cell transplantation has multiple applications that will continue to contribute to a better understanding of spermatogenesis. The clinical use of this technique might one day become a viable therapy for infertility. Germ cell transplantation will allow scientists to combine various germ cell and Sertoli cell mutants so that somatic and germ cell function can be differentiated experimentally. Animal scientists can apply this technique for preservation of the germ line of economically valuable animals, older animals unable to breed naturally and endangered species 31 . Furthermore, this technique provides an avenue to the investigation of stem cell biology in a unique system in which genetic material can be passed to future generations. 
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